The impact of neutral impurity concentration on charge drift mobility in
  n-type germanium by Mei, H. et al.
Prepared for submission to JINST
The impact of neutral impurity concentration on charge
drift mobility in n-type germanium
H. Mei,a G.-J. Wanga and G. Yanga and D.-M. Mei,a,b,1
aDepartment of Physics, The University of South Dakota,
414 E. Clark Street, Vermillion, South Dakota 57069, USA
bSchool of Physics and Optoelectronic, Yangtze University,
1 Nanhuan Street, Jingzhou 434023, China
E-mail: Dongming.Mei@usd.edu
Abstract: The impact of neutral impurity scattering of electrons on the charge drift mobility in high
purity n-type germanium crystals at 77 Kelvin is investigated. We calculated the contributions from
ionized impurity scattering, lattice scattering, and neutral impurity scattering to the total charge
drift mobility using theoretical models. The experimental data such as charge carrier concentration,
mobility and resistivity are measured by Hall Effect system at 77 Kelvin. The neutral impurity
concentration is derived from the Matthiessen’s rule using the measured Hall mobility and ionized
impurity concentration. The radial distribution of the neutral impurity concentration in the self-
grown crystals is determined. Consequently, we demonstrated that neutral impurity scattering is a
significant contribution to the charge drift mobility, which has a dependence on the concentration
of neutral impurities in high purity n-type germanium crystal.
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1 Introduction
We have reported that the neutral impurity scattering of holes has impact on the charge drift mobility
in high purity p-type germanium at 77 Kelvin [1]. We have found that the total charge drift mobility
in our p-type germanium crystals is dominated by both neutral impurity scattering and acoustic
phonon scattering, and the neutral impurity concentration plays an important role on the charge
drift mobility. In this paper, we report the impact of neutral impurity scattering of electrons on
the charge drift mobility in high purity n-type germanium crystals at 77 Kelvin. Though n-type
germanium detectors are less common than p-type detectors, n-type detectors have several unique
features. N-type coaxial HPGe detectors usually use an implantation of boron to make an outer
p-contact where p-type detectors commonly use lithium diffusion to make an outer n-contact. The
implanted p-contact on the outside forms a dead layer that can be less than 0.3 µm thick which
is much thinner than the n-contact [2], which is usually more than 1 mm. This very thin dead
layer allows photons of energy down to 3 keV to access to the active region. Therefore, n-type
detectors provide a much lower detection threshold compared to p-type detectors. Also, the thin
dead layer allows for easier segmentation of the outer contact and the segmentation can have a
higher efficiency of background rejection, which makes it an interesting alternative in germanium
neutrinoless double-beta decay experiments [3]. Finally, n-type high-purity germanium detectors
are more resistant to neutron damage [4].
The segmented n-type germanium detectors are extensively used in gamma-tracking experi-
ments [5, 6] and can also be used in future neutrinoless double-beta decay experiments [7]. The
charge drift mobility plays an important role in understanding the rise time of charge pulses in
gamma-tracking experiments [5, 6] and the charge pulse shape in germanium-based neutrinoless
double-beta decay experiments [8–12]. After the investigation of p-type, it is necessary to inves-
tigate the impact of neutral impurity on the charge drift mobility in n-type germanium crystals.
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P-type germanium crystals and n-type germanium crystals have different charge carriers with differ-
ent effective masses, which will make the calculation and measurements different. In this work, the
calculation of the charge drift mobility due to different scattering processes in n-type germanium
crystals, and the impact of neutral impurity concentrations on the charge drift mobility are pre-
sented in Section 2, followed by the experimental results on n-type germanium crystals in Section 3.
Finally, we summarize our conclusions in Section 4.
2 Calculation of Charge Drift Mobility
Similar to the calculation we presented in the paper about p-type germanium crystal [1], the total
charge drift mobility is impacted independently by different scattering mechanisms and can be
determined using Matthiessen’s rule [13]:
1
µT
=
1
µI
+
1
µN
+
1
µA
+
1
µO
+
1
µD
, (2.1)
where µT is the total charge drift mobility, µI , µN , µA, µO and µD are the contributions to
the mobility from scattering of ionized impurities, neutral impurities, acoustic phonons, optical
phonons and dislocations, respectively. For n-type germanium, the majority charge carriers are
electrons. The effective mass m∗ of electrons is taken as m∗e,l= 1.64m0 for longitudinal direction
andm∗e,t= 0.082m0 [14] for transverse directions, respectively, wherem0 is the mass of the electron
in a vacuum. Then the harmonic mean is used to calculate the conductive effective mass of
electrons [15] :
m∗e = (
3
1
ml
+ 1mt +
1
mt
)m0 (2.2)
which leadsm∗e= 0.12m0.
As indicated by eq. 2.1, the mobility due to neutral impurity scattering, µN , can be evaluated
if µT , µI , µA, µO and µD are known. Furthermore, the neutral impurity concentration,Nn, can be
estimated if the relationship between Nn and µN can be established.
2.1 Ionized impurity scattering
The mobility due to ionized impurity scattering µI , can be calculated by the CWmodel [16]. It can
be simplified for germanium at T = 77 Kelvin as:
µI =
1.65× 1021
Ni
[
ln(1 +
4.01× 1012
N
2/3
i
)
]−1
(2.3)
A more accurate model developed by Brooks and Herring [17] can be simplified as follows
when T = 77 Kelvin:
µI =
1.65× 1021
Ni
[
ln
1.48× 1018
Ni
]−1
(2.4)
where µI is in cm2/(V·s) and Ni is in /cm3. The details for these two models have been discussed
from Eq.2.4 to Eq.2.7 in our previous work [1].
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Figure 1. The mobility contributed by ionized impurity scattering (µI ) as a function of the ionized impurity
concentration. Note that when the ionized impurity concentration is in the region between 1010/cm3 and
1015/cm3, the total charge drift mobility contributed by the ionized impurity scattering is very small.
Eq. 2.4 indicates that µI decreases as Ni increases at a given temperature. Fig. 1 shows the
relationship between the mobility due to ionized impurity scattering (µI ) and ionized impurity con-
centration. Based on the IEEE Standard [18], the value of the electron drift mobility is µn=36000
cm2/(V·s) and µp=42000 cm2/(V·s) for n-type and p-type high-purity germanium crystals, respec-
tively. As shown in Fig. 1, similar to the results we obtained in the p-type work, it is clear that the
total charge drift mobility is governed by the ionized impurities only when the ionized impurity
concentration is higher than ∼1016/cm3. The ionized impurity concentration in detector-grade
germanium crystals must be in the order of a few times 1010/cm3 [19]. With this very low ion-
ized impurity concentration, the mobility due to ionized impurity scattering is of the order of 109
cm2/(V·s) as indicated in Fig. 1. Thus, the contribution from the ionized impurity scattering to the
total charge drift mobility is very small in general.
2.2 Acoustic phonon scattering
The mobility due to acoustic deformation potential scattering, µA, can be calculated by Eq.2.12 [1]
and can be simplified as
µA =
4.65× 105
m∗5/2
· T−3/2, (2.5)
where µA is in cm2/(V·s). Takingm∗e= 0.12m0, we can get that for n-type germanium, the electron
drift mobility caused by acoustic phonon scattering is
µA = 9.32× 107 · T−3/2, (2.6)
Eq. 2.6 implies that there is a temperature dependence in µA. With T = 77 Kelvin, one obtains
µA = 1.38×105cm2/(V·s). This value is very close to our results for p-type germanium crystals
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Figure 2. The mobility due to acoustic phonon scattering (µA) as a function of temperature. The black dot
indicate the value of IEEE Standard at 77 Kelvin.
where µA = 1.15×105cm2/(V·s). The discrepancy is due to the effective mass of electrons are
smaller then the effective mass of holes, which results in a slightly larger value. Fig. 2 shows the
variation of µA with temperature, it is clear that the theoretical results of µA are larger than the
IEEE Standard at 77 Kelvin which indicates that acoustic phonon scattering may not be the sole
scattering source of total charge drift mobility at 77K, there must be other scattering mechanisms
affecting to the total charge drift mobility.
2.3 Neutral impurity scattering
The derivation and modification for the equations about the calculation for neutral impurity scat-
tering has been well described in our previous work [1]. With all constants replaced by their
corresponding values, electron mobility due to neutral impurity scattering can be simplified as:
µN = (µN )E =
1.07× 1020
Nn
(2.7)
As shown in Fig. 3, the mobility due to neutral impurity scattering decreases as the neutral
impurity concentration increases. With the neutral impurity concentration in the level between
1014/cm3-1016/cm3, the mobility due to neutral impurity scattering could be an important contri-
bution to the total charge drift mobility at a level of close to the IEEE standard stated earlier. From
Erginsoy’s work (eq. 2.7), we can see that µN is temperature independent. We still need to consider
the temperature dependent regime. In Sclar’s work [21, 22], a weak dependence of µN on the
temperature for semiconductors is:
µN = (µN )S = 0.82(µN )E [
2
3
(
kBT
EN
)1/2 +
1
3
(
EN
kBT
)1/2], (2.8)
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Figure 3. The mobility due to neutral impurity scattering calculated by Erginsoy’s model (µN ) as a function
of neutral impurity concentration.
where (µN )E is the temperature-independent mobility given by eq. 2.7 andEN is the scaled binding
energy for the negative ion, EN=0.71eVm∗/me(εrε0)2.
If we assume the neutral impurity concentration is 2×1015/cm3 as measured by [23], then
eq. 2.7 becomes a constant, 5.35×104 cm2/(V·s), and eq. 2.8 becomes:
µN = (µN )S = 5.35× 104(0.28T 1/2 + 0.54T−1/2), (2.9)
which yields that (µN )S= 1.35×105 cm2/(V·s) at 77 Kelvin.
As shown in Fig. 4, there is a factor of two difference for the mobility due to neutral impurity
scattering among the work by Erginsoy and Sclar at 77 Kelvin. For the same reason, we continue
following Erginsoy’s theory in this work, i.e. µN has no temperature dependence as the freeze-out
temperature of our germanium crystals is around 2 Kelvin shown in Fig. 5.
2.4 Other scatterings
For the mobility caused by the scattering of optical phonons in germanium, µO, it can be ignored for
the same reason as we discussed in our previous work [1, 24, 25]. The mobility due to dislocation
scattering, µD can also be ignored since the dislocation density for n-type high purity germanium
crystal is similar to that of p-type high purity germanium crystal [1, 26, 27].
3 Experimental Results
Several germanium samples, obtained from a n-type detector-grade crystal grown in our lab at the
University of South Dakota [28–35] with measured average Hall mobility µH larger than 30000
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Figure 4. The comparison among the work by Erginsoy, Sclar, and IEEE standard for mobility due to neutral
impurity scattering with the assumption that the neutral impurity concentration is 2×1015/cm3.
Figure 5. The calculated freeze-out temperature of our germanium crystals is around 2 Kelvin.
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Figure 6. Two wafers are cut from the detector grade n-type high purity germanium crystal with the white
lines indicating the position. The parameter, g, denotes the fraction of original liquid which is frozen.
cm2/(V·s), are used for our investigation in this work. Based on IEEE Standard, the relationship
between the measured Hall mobility µH and the total charge drift mobility µ is defined as:
µ =
µH
r
, (3.1)
where r is a constant near unity depending on crystal orientation and magnetic field B. In our Hall
Effect measurements, we use magnetic field B=0.5 T. The factor r is assumed to be 1.03 for p-type
high-purity germanium crystals in our previous work. For n-type high-purity germanium crystals,
the factor r is assumed to be 0.93 when B= 0.5 T [18]. This means the actual charge drift mobility
would be larger than the measured Hall mobility for the n-type germanium crystals.
Two wafers are cut from the detector-grade crystal mentioned above at different axial positions
in Fig. 6. The symbol g, is the fraction of the melt that has been crystallized. Five square samples
are cut from the wafer with g=0.093, and six samples are cut from the wafer with g=0.47 as
shown in Fig. 7. These samples are prepared in a manner similar to that used for p-type germanium
crystals prior to using the Van der Pauw Hall Effect Measurement System to measure their electrical
properties at 77 Kelvin. The only difference is we use Sn-Sb(Sn:Sb=95:5) to make ohmic contacts
for n-type samples instead of using In-Ga for p-type samples. The same uncertainty(5%) for the
Hall effect measurements is applied [36].
Fig. 8 shows the ionized impurity concentration as a function of crystal radius for all germanium
samples. As indicated by Fig. 8 and similar to the p-type germanium crystal, the lower ionized
impurity concentration is observed at the center part of the crystal. For sample 2 on slice 1, it is the
only sample with positive ionized impurity concentration. This makes the electrical properties for
samples 1, 2 and 3 on slice 1 complicated due to the existence of a p-n junction. This also indicates
a nonuniform impurity distribution along the axial direction. Fig. 9 and Fig. 10 show the radial
distribution of Hall mobility and resistivity for all samples, respectively.
According to our Hall Effect measurements shown in Fig. 9, our germanium crystals have a
Hall mobility µT of ∼ 30000 cm2/(V·s) which leads the total drift mobility to ∼ 36000 cm2/(V·s)
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Figure 7. Schematic diagram showing the location of the samples cut from the three wafers.
Figure 8. The net carrier concentration as a function of crystal radius for all germanium samples.
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Figure 9. The radial distribution of Hall mobility of the three wafers.
Figure 10. The radial distribution of resistivity of the three wafers.
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meeting the IEEE Standard. The measured ionized impurity concentration is in the range of -
1.61×1010/cm3 to -1.83×1011/cm3 as shown in Fig. 8. Using eq. 2.4, the calculated mobility
due to this level of the ionized impurity scattering µI is in the range of 5.76×108 to 5.59×109
cm2/(V·s). Similarly, from eq. 2.6, when T = 77 Kelvin, the mobility due to acoustic phonon
scattering µA = 1.38×105cm2/(V·s). With µO as well as µD being ignored, the mobility due to
neutral impurity scattering µN can be deduced using eq. 2.1. Our deduced results showed that µN
is almost a constant, 4.87× 104cm2/(V·s) when the ionized impurity concentration is in the range
of 1010/cm3 to 1015/cm3 as shown in Fig. 11. Since the deduced µN and the calculated µA are
much smaller than µI for a detector-grade crystal at 77 Kelvin, we conclude that the total charge
drift mobility (µT ) in our germanium crystals is dominated by both µN and µA, and the neutral
impurity concentration has important impact on the charge drift mobility.
Figure 11. The relationship between the charge carrier concentration and all the scattering processes at 77
Kelvin.
Once µN is obtained, the neutral impurity concentration, Nn, can then be calculated from
eq. 2.7, which yields that Nn is in the range of 1.95×1015/cm3 to 9.5×1015/cm3 when the ionized
impurity concentration is in the range of 1010/cm3 to 1015/cm3. Especially when the total charge
drift mobility is∼ 36000 cm2/(V·s), the calculated neutral impurity concentration is 2.2×1015/cm3.
This level of neutral impurity concentration agrees with the pioneering work (2×1015/cm3) by
Hansen et al. in 1982 [37]. Fig. 12 shows the relationship between the calculated neutral impurity
concentration (Nn) and the crystal radius. Fig. 12 implies that there are more neutral impurities at
the edge than in the center of the crystal. This is very similar to the case of the radial distribution
of ionized impurities, where the neutral impurity is different, the total charge drift mobility can be
different.
The source for neutral impurities would be the same as was determined from our previous
analysis. We may have carbon, silicon, hydrogen, nitrogen and oxygen introduced during zone-
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Figure 12. The radial distribution of neutral impurity concentration.
refining; hydrogen, silicon and oxygen introduced during crystal growth. Neutral impurities are
electric inactive atoms, and can not be measure by the Hall Effect system. No matter n-type
or p-type Ge crystals, even though the ionized impurities concentration are quite different, the
neutral impurity concentration should be in the similar level. Based on our theoretical model and
experimental results, our results shows that the neutral impurity concentration is 1.95×1015/cm3 to
9.5×1015/cm3 for n-type Ge crystals and 2.8×1015/cm3 to 5×1015/cm3 for p-type Ge crystals [1],
which are of very similar levels. And the discrepancy can be explained by the different effective
mass for the charge carriers which results in a different calculation; or because of the different
ohmic contact materials applied before the Hall Effect measurements.
4 Conclusions
The conclusion is similar to the work we did previously [1]. We investigate the scattering mecha-
nisms that contribute to the total charge drift mobility in n-type detector-grade germanium crystals.
We evaluate the neutral impurity concentration from measured Hall Effect results and theoretical
model. We found that for high-purity germanium crystal along < 100 > direction, with impurity
level of 1010/cm3-1011/cm3 and dislocation density below 104/cm2, the neutral impurity scattering
is an important scattering mechanism at 77 Kelvin. Very similar to the results in p-type Ge crystal,
there are more neutral and ionized impurity atoms at the edge part of the crystal than that at the
center part. This results in the lower charge drift mobility at the edge part and higher charge drift
mobility at the center part.
– 11 –
Acknowledgments
The authors wish to thank Christina Keller for her careful reading of this manuscript. We also
would like to thank Jing Liu for his useful discussion. This work is supported in part by NSF
PHY-0919278, NSF PHY-1242640, NSF OIA 1434142, DOE grant DE-FG02-10ER46709, the
Office of Research at the University of South Dakota and a research center supported by the State
of South Dakota.
References
[1] H. Mei, G. Wang, G. Yang, D.-M. Mei, The impact of neutral impurity concentration on charge drift
mobility in p-type germanium, Journal of Instrumentation 11 (2016) P12021.
[2] R. Berndt, P. Mortreau,Monte Carlo modelling of a N-type coaxial high purity germanium detector,
Nuclear Instruments and Methods in Physics Research Section A 694 (2012) 341-347.
[3] L. E. Leviner et al. A Segmented, Enriched N-type Germanium Detector for Neutrinoless Double
Beta-Decay Experiments, Nuclear Instruments and Methods in Physics Research Section A 735
(2014) 66-77.
[4] R. Baader, W. Patzner, and H. Wohlfarth, Regeneration of Neutron-Damaged Ge(Ll) Detec Detectors
Inside the Cryostat, Nuclear Instruments and Methods, 117, (1974) 609.
[5] S. Akkoyun et al. (AGATA Collaboration), AGATA-Advanced Gamma Tracking Array, Nucl. Instr.
Meth. in Phys. Res. A 668 (2012) 26-58.
[6] S. Paschalis et al. (GRETINA Collaboration), The performance of the Gamma-Ray Energy Tracking
In-beam Nuclear Array GRETINA, Nucl. Instr. Meth. in Phys. Res. A 709 (2013) 44-55.
[7] L> E. Leviner et al., Nucl. Instrum. Meth. A 735 (2014) 66-77.
[8] M. Agostini et al. (GERDA Collaboration), Results on Neutrinoless Double-β Decay of 76Ge from
Phase I of the GERDA Experiment, Phys. Rev. Lett. 111 (2013) 122503.
[9] N. Abgrall et al. (Majorana Collaboration), The Majorana Parts Tracking Database, Nucl. Instr. Meth.
in Phys. A 779 (2015) 52-62.
[10] R. J. Cooper et al., A Pulse Shape Analysis technique for the MAJORANA experiment, Nucl. Instr.
Meth. in Phys. A 629 (2011) 303-310.
[11] R. J. Cooper et al., A novel HPGe detector for gamma-ray tracking and imaging, Nucl. Instr. Meth. in
Phys. A 665 (2011) 25-32.
[12] R. Martin et al., Determining the drift time of charge carriers in p-type point-contact HPGe detectors,
Nucl. Instr. Meth. in Phys. A 678 (2012) 98-104.
[13] D. A. Anderson and N. Apsley, The Hall effect in III-V semiconductors, Semicond. Sci. Technol. 1
(1986) 187.
[14] Singh J, Physics of Semiconductors and Their Hetero structure, McGraw-Hill (1993).
[15] Kyle Michael Sundqvist, Carrier Transport and Related Effects in Detectors of the Cryogenic Dark
Matter Search, dissertation, 2012
[16] E. Conwell and V. F. Weisskopf, Theory of Impurity Scattering in Semiconductors, Phys. Rev. 77
(1950) 388.
– 12 –
[17] D. Chattopadhyay and H. J. Queisser, Electron scattering by ionized impurities in semiconductors,
Rev. Mod. Phys. 53 (1981) 745.
[18] Sanford Wagner et al., IEEE Standard Test Procedures for High-Purity Germanium Crystals for
Radiation Detectors, IEEE Std 1160-1993(R2006).
[19] E. E. Haller, Detector Materials: Germanium and Silicon, 1981 IEEE Nuclear Science Symposium,
San Francisco, CA, November 21-23, 1981.
[20] J. Bardeen and W. Shockley, Deformation Potentials and Mobilities in Non-Polar Crystals, Phys. Rev.
80 (1950) 72.
[21] N. Sclar, Neutral Impurity Scattering in Semiconductors, Phys. Rev. 104 (1956) 1559.
[22] T. C. McGill and R. Baron, Neutral impurity scattering in semiconductors, Phys. Rev. B 11 (1975)
5208.
[23] E. E. Haller, W. L. Hansen, P. N. Luke, R. McMurray and B. Jarrett, Carbon in high-purity
germanium, IEEE Trans. Nucl. Sci. NS-29 (1982) 745.
[24] Chihiro Hamaguhi, Basic semiconductor physics, Springer (2010).
[25] Sheng S. Li, Semiconductor Physical Electronics, p.226.
[26] F. Seitz and D. Turnbull, Solid State Physics. Advances in Research and Applications, Academic
Press, New York and London (1961).
[27] G. Wang, Y. Chen, G. Yang, W. Xiang, Y. Guan, D. Mei, C. Keller and Y. Chan, Development of
Large Size High-Purity Germanium Crystal Growth, J. Crystal Growth 352 (2012) 27.
[28] G. Yang, H. Mei, Y. Guan, G. Wang, D.-M. Mei, High purity germanium crystal growth at the
University of South Dakota, IOP Science Journal of Physics: Conference Series 606 (2015) 012012.
[29] G. Yang, H. Mei, Y. Guan, G. Wang, D.-M. Mei and K. Irmscher, Study on the Properties of High
Purity Germanium Crystals, IOP Science Journal of Physics: Conference Series606 (2015) 012013.
[30] G. Yang, Y. Guan, F. Jian, M. Wagner, H. Mei, G. Wang, S. Howard, D.-M. Mei, A. Nelson, J.
Marshai, K. Fitzgerald, C. Tenzin and X. Ma, Zone Refinement of Germanium Crystals, IOP Science
Journal of Physics: Conference Series 606 (2015) 012014.
[31] G. Wang, Y. Guan, H. Mei, D.-M Mei, G. Yang, J. Govani and M. Khizar, Dislocation density control
in high-purity germanium crystal growth, J. of Crystal Growth 393 (2014) 54-58.
[32] G. Yang, J. Govani, H. Mei, Y. Guan, G. Wang, M. Huang and D.-M Mei, Investigation of influential
factors on the purification of zone-refined germanium ingot, Crystal Research and Technology 49
(2014) 269-275.
[33] G. Yang, G. Wang, W. Xiang, Y. Guan, Y. Sun, D.-M. Mei, B. Gray and Y. Chan, J. of Crystal Growth
352 (1) (2012) 43-46.
[34] G. Yang, D.-M. Mei, J. Govani, G. Wang and M. Khizar, Effect of annealing on contact performance
and electrical properties of p-type high purity germanium single crystal, Applied Physics A 113
(2013) 207.
[35] G. Wang, Y. Sun, Y. Guan, D.-M. Mei, G. Yang, A. A. Chiller and B. Gray, Optical Methods in
Orientation of High-Purity Germanium Crystal, Journal of Crystallization Process and Technology 3
(2013) 60-63.
[36] Kasper A. Borup et al.,Measurement of the electrical resistivity and Hall coefficient at high
temperatures, Rev. Sci. Instrum. 83 (2012) 123902.
– 13 –
[37] W. L. Hansen, E. E. Haller and P. N. Luke, Hydrogen concentration and distribution in high-purity Ge
crystals, IEEE Trans. Nucl. Sci. NS-29 (1982) 738.
– 14 –
